Mesoscopic solar cells are one of the most promising photovoltaic technologies among third generation photovoltaics due to their low cost and high efficiency. The morphology of wide-band semiconductors, sensitized with molecular or nanosized light harvesters, used as electron collectors contribute substantially to the device performance. Recent developments in the use of organic-inorganic layer structured perovskites as light absorbers and as electron or hole transport materials allows reduction in the thickness of photoanodes to the submicron level and have raised the power conversion efficiency of solid state mesoscopic solar cells above the 10% level.
Introduction
In this modern era, rising living standards of a growing world population can no longer be satisfied through conventional means. Depleting oil sources and ecological factors force us to find alternative energy sources. It has been estimated that by 2050 the energy gap will be around 15 tW. The majority of today's energy is produced from fossil fuels. The consequence of the growing dependence on fossil fuels has created an augmentation of the greenhouse effect and resulted in global warming. Solar energy is a clean, reliable and renewable source of energy responding to future demands. As a source of alternative energy supplies solar cells are the best choices due to the abundance of uncaptured solar energy on the earth. More solar power strikes the surface of the earth in one hour than the energy provided by the fossil fuels that are currently consumed globally in one year. Over the past two decades Silicon technology has dominated the domain of PV cells using flat single layer p-n junction diodes; however, now-adays this photovoltaic technology is facing a strong challenge from third generation PV technologies.
The sensitization of semiconductor materials using dyes started already in the late 1960s [1] but the breakthrough for dye-sensitized solar cells (DSC) came in 1991 with the use of mesoporous titania film for sensitization [2] . The mesoporous titania film increases the surface by 1000 times compared to flat surfaces, enhancing enormously the surface area for dye absorption. Great interest has developed among scientists about this technology as a possible alternative to the conventional silicon solar cells. In the development of third generation photovoltaic technology (3GPV) sensitized mesoscopic solar cells (typically DSC) have a leading edge over other technologies due to their lower cost, simple fabrication methods and high power conversion efficiencies. In silicon solar cells charge separation and charge transfer take place in the same material, whereas, in the case of DSCs, charge separation occurs at the interface of the sensitized electron transport material. The fact that charge separation and electron transport take place in two different materials allows ample scope for the development of novel materials to enhance device performance. The photo conversion process of a sensitized mesoscopic solar cell is analogous to natural photosynthesis; hence, it is also known as 'artificial photosynthesis'. A schematic diagram of the DSC's operating principles is shown in Fig. 1 . The highest record efficiency of 12.3% was reported with a Co III/II (bpy) 3 complex based electrolyte in conjunction with a donor acceptor zinc porphyrin dye [3] .
TiO 2 nanostructured materials as photoanodes
A commonly used semiconductor material in sensitized mesoscopic solar cells is wide bandgap titanium dioxide (TiO 2 ), which is a non-toxic, biocompatible, cheap and abundant material. TiO 2 is a well-known n-type semiconductor, which contains crystal defects of oxygen vacancies and exists in three different crystalline forms, that is, rutile, anatase and brookite. The nanocrystalline TiO 2 film used in DSCs is made of anatase due to its larger bandgap (3.2 eV) compared to rutile (3.0 eV). In a sensitized mesoscopic solar cell a dye adsorbed TiO 2 film is used as a photoanode to absorb the sunlight. To increase the light absorption of the dye sensitized TiO 2 film, the porosity and roughness factor of the titania film employed are critical factors. The electron transport in the TiO 2 film depends on the nature of the nanoparticles, their particle connectivity. The photoinjected electrons' transport through the mesoscopic oxide network to the back contact is believed to occur strictly by diffusion (no drift component) and to be strongly limited by trapping and detrapping within nanoparticles and at grain boundaries [4] [5] [6] . Charge transport in the TiO 2 film is pivotal for the DSC device performance as it has great influence on the charge recombination, charge collection efficiency and internal resistance. For replacement of TiO 2 nanoparticulate films, both TiO 2 nanowires and nanorods have been utilized with hopes for a reduction in recombination losses since lower electron transport times have been measured in these onedimensional nanostrucures [7, 8] . The high crystallinity and low number of surface state of one-dimensional nanostructures are responsible for their lower electron transport times. Due to their excellent properties, sensitized mesoscopic solar cell devices using one-dimensional TiO 2 nanostructures are expected to show higher performance than those using nanoparticulate TiO 2 films; however, contrary to this reasoning, record efficiencies have been reported with nanoparticulate TiO 2 film devices. A relatively low specific surface area of one-dimensional TiO 2 structures is responsible for lower dye loading and, thus, lower performance compared to the nanoparticulate TiO 2 devices. In the case of electrospun TiO 2 nanofiber-based DSCs the electron lifetime is shorter due to the presence of a large number of surface traps, even though the electron diffusion coefficients are higher in these films [32] . Mixing one-dimensional materials with the nanoparticles has been a successful approach in improving the surface area for dye loading and thus, device performance [33] .
In a typical DSC the particle size of TiO 2 anatase is in the range of 10-25 nm with a film thickness of 5-15 mm and a porosity of around 60% to ensure a large internal surface area for adsorbing dye molecules [34] . The nanocrystalline film can be considered to be a network of bulk crystals with a band of extended electronic states arising from the high surface area of the nanocrystals. As smaller TiO 2 particle size films are transparent, part of the visible light will be transmitted through the film. To circumvent this problem a double layered structure of TiO 2 films is generally utilized in DSCs fabricated by depositing a second layer of 250-400 nm particulate TiO 2 film on top of the transparent film [35, 36] . The larger particulate layer contributes only a small amount to the dye adsorption, its main contribution being the beneficial light scattering effect. Even though the double layer structure has the advantage of producing more light reflection, due to the increase in the film thickness following its utilization the electron diffusion length is augmented contributing to a higher recombination rate. Kim et al. synthesized nanoporous TiO 2 spheres to enhance the device performance by increasing the light scattering [37] . In this case the electron diffusion coefficient within a single spherical structure is highly favorable; however, the drawback of this structure is the difficulty of electron transfer between neighboring structures due to the small contact area.
TiO 2 beads-based films have been employed in place of standard mesoporous transparent TiO 2 films to enhance the light harvesting capability without compromising the dye loading [38] . The morphology of the screen-printed TiO 2 beads' film is shown in Fig. 2 . The larger size of the beads is primarily responsible for the light scattering effect. At the same time the mesoporous structure of the beads and densely packed nanocrystals inside the core shell with multiple contacts between the neighboring crystals will provide sufficient surface area for dye adsorption as well as faster electron diffusion in these films leading to higher power conversion efficiencies. Using the same concept, highly crystalline TiO 2 nanooctahedra and agglutinated mesoporous TiO 2 microspheres were synthesized and utilized for high efficiency sensitized mesoscopic solar cells [39] . Even though the one-dimensional structured TiO 2 materials have excellent properties, the DSC devices containing nanocrystalline TiO 2 structured films outperformed these alternative film structures, obtaining record PCEs.
Developments in liquid redox electrolytes
In addition to the photoanode, the electrolyte provides a substantial contribution to the overall sensitized mesoscopic solar cell device performance. Iodide/triiodide-based redox electrolyte has been the most widely used and efficient electrolyte for liquid DSCs. The minimum requirements needed to formulate an efficient redox electrolyte are that the solubility and ionic mobility of the redox couple are high enough in the organic solvent employed. Essentially there should be enough driving force for the dye regeneration process and fast electron transfer kinetics at a minimal overpotential at the counter electrode. The energy level of the iodide/triiodide redox electrolyte is fixed at approximately 0.4 V versus NHE, depending on the concentration of iodide and triiodide species present in the electrolyte. One of the disadvantages of the iodide/triiodide redox electrolyte is that the redox energy level is not tuneable to a greater extent. The open-circuit potential (V oc ) of DSCs stems from the difference in the energy level of redox electrolyte and the quasi-Fermi level of TiO 2 . Hence, the use of iodide/triiodide redox electrolyte limits the V oc due to an excessive loss of voltage during the dye-regeneration process. 
Operating principle of a mesoscopic solar cell. Schematic illustration of the electron-transfer processes occurring at the dye-sensitized heterojunction.
In order to enhance the device performance the design and understanding of iodide free electrolytes has become a recent focus in DSC research [40] . One-electron outer sphere redox couples, based on cobalt complexes, have shown promising results as redox electrolytes especially in combination with donor-p-acceptor metal free dyes [40] . Judicial design in and use of donor-p-acceptor (D-p-A) zinc porphyrin dye (YD2-o-C8) co-sensitized with Y123 D-p-A dye [41] allows light absorption over the entire visible region of the solar spectrum (Fig. 3b, IPCE spectra) , and when combined with a Co III/II (2,2 0 -bipyridine) 3 based redox electrolyte yields an amazing DSC device performance of over 12% efficiency [3] . The I-V curves of cosensitized devices are shown in Fig. 3a . The absorption spectra of YD2-o-C8 and Y123 dyes are complementary to each other; the cosensitization concept of these two dyes allows absorption over the full visible spectrum as shown in the incident photon-to-conversion efficiency (IPCE) spectra of Fig. 3b 
Solid-state dye-sensitized solar cells
Earlier research efforts, which are well documented in recent reviews, have focussed on the development of sensitized mesoscopic solar cells which utilize liquid electrolytes through optimization of the electrolyte composition, including introduction of different redox shuttles, as well as investigations on photoanode materials and dyes [40] [41] [42] [43] [44] [45] [46] [47] . However, only a relatively small amount of work has been done on the solid-state dye sensitized solar cells (ssDSC). The difference between the liquid DSC and the ssDSC is that the liquid redox electrolyte is replaced by a solid organic hole transport material (HTM). The operating principle of the ssDSC is identical to that of a liquid electrolyte DSC, except the liquid redox electrolyte is replaced by a HTM for hole transfer and dye regeneration. The ssDSC is composed of a thin layer mesoporous TiO 2 film deposited on top of a compact layer used as a blocking layer on a transparent conducting oxide (TCO) glass substrate. A thinner photoanode substrate is required in solid-state devices due to eventual pore-filling problems and to ascertain an acceptable diffusion length, thus avoiding facile recombination. The blocking layer prevents direct physical contact between the TCO and the HTM and reduces the recombination at this interface. In case of iodide/triiodide-based electrolytes the reduction of triiodide on TCO is a sluggish two-electron process and, thus, the effect of a blocking layer would be small. A monolayer of sensitizer is adsorbed on top of the mesoporous titania film and then infiltrated (normally by spin-coating) with a HTM solution.
Materials , AM 1.5) [48] . Contrary to liquid electrolyte containing sensitized mesoscopic solar cell devices, various nanostructured TiO 2 materials such as nanotubes, nanowires, nanofibers, etc., have been less studied as photoanodes in fabrication of ssDSCs. One of the advantages of applying these one-dimensional structures is to circumvent the pore-filling problem. Highly ordered, vertically oriented titania nanotube (NT) arrays were prepared by anodization of the titanium on FTO-glass substrate and applied to the ssDSC devices for the first time [49] . SEM images of the TiO 2 NT arrays (Fig. 4) show that the pore diameter and wall thickness are 40-50 nm with a flat top layer. A flat top layer is of importance for proper functioning of a ssDSC so as to have a good contact with the HTM and the gold counter electrode. Under 1.5G full sunlight intensity, using C203 (D-p-A) dye [50] as sensitizer and spiroMeOTAD as HTM, power conversion efficiencies (PCE) of 1.68% and 3.8% were obtained on a NT arrays' film and a nanocrystalline TiO 2 film-containing device, respectively. One of the origins of poor performance of the NT arrays film device is that the blocking underlayer is not as efficient as the one prepared by spray pyrolysis in the nanocrystalline ssDSC devices. The blocking layer appeared to be destroyed during the anodization procedure used to create NT arrays' films. In addition, as pointed out previously, the absorption cross-section of the NT sensitized film is smaller than that found in the mesoporous sensitized film, like wise contributing to lower device performance.
The record PCE of liquid electrolyte DSCs is reported to be over 12%. The ssDSC efficiencies have been lagging behind; PCE = 7.2% under standard AM 1.5 one sun light intensity [51] . One of the [
( F i g u r e _ 4 ) T D $ F I G ]

FIGURE 4
Top view of and cross section of the TiO 2 nanotubes. From Ref. [49] . Reproduced by permission of The Royal Society of Chemistry. http://pubs.rsc.org/en/ content/articlelanding/2009/jm/b905196a.
reasons behind the less competitive performance of the ssDSC is due to the low hole mobility in spiro-MeOTAD, which is responsible for the interfacial recombination [52, 53] . We found that recombination in the ssDSC is two orders of magnitude higher compared to that found in liquid electrolytes [54] . The electron diffusion length (LD) in mesoporous titania film is up to 12 mm [55] [56] [57] . Search for new HTMs is under progress, but none of the new materials tested thus far give a device performance close to devices employing spiro-MeOTAD due to the problems of pore filling associated with organic HTMs [58] [59] [60] [61] [62] [63] [64] [65] . In an earlier study it was found that the pore penetration of triarylamine HTMs was suboptimal and non-uniform resulting in lower PCEs compared to the spiro-MeOTAD devices [66] . To avoid exaggerated pore-filling problems of the HTM when using thicker TiO 2 films we are limited to utilizing approximately 2 mm thin mesoporous titania films in solid-state sensitized mesoscopic solar cell devices. In a recent study a quantitative pore-filling measurement was developed using XPS depth profiling and absorption spectroscopy [67] .
Perovskites as light absorbers and hole transport materials
Calcium titanate (CaTiO 3 ) was discovered by Gustav Rose in 1839 and was named after the Russian mineralogist, L. A. Perovski. Compounds, which have the same crystal structure as CaTiO 3 , are known as perovskite compounds. Mixed organic-inorganic perovskites have attracted substantial interest due to their interesting characteristics such as superconductivity, optical spectra, transport properties etc. [68] [69] [70] [71] . Methylammonium lead halide perovskites are intriguing materials, and can be used as a light absorber in mesoscopic solar cells due to their broad spectral response and high optical cross section. The exploration of these materials for applications in mesoscopic solar cells has only recently begun. The basic building block of an organic-inorganic perovskite hybrid has a cubic AMX 3 structure where the M is a metal cation and X is an anion consisting of halide or oxide etc. They form a MX 6 octahedral geometry having M at the center and halides at the corners. The MX 6 octahedral extends to form a three dimensional structure by connecting through the corners. The organic component A fills the cuboctahedral holes that form in these three dimensional structures. The size of the organic cation A is an important aspect for the formation of a closed packed perovskite structure, since this cation A must fit into the space composed of the four adjacent octahedra which are connected together through shared corners. The optical and electronic properties of perovskite materials can be tuned to a great extent depending on the size of the metal ion and the organic cation. Perovskite compounds of the general formula CH 3 NH 3 MX 3 where M = Sn, Pb and X = Cl, Br, I has been reported [72] [73] [74] [75] [76] [77] . The size, structure, conformation and charge of the organic cations have significant influence on the final structure of the perovskite material and its properties [78] [79] [80] . Perovskite materials are prepared by varying the alkyl chain length of the organic cation from methyl to ethyl ammonium iodide and their optical bandgap (and valence band position) are measured by UV-visible spectroscopy and ultraviolet photoelectron spectroscopy (UPS), respectively [81] . Miyasaka et al. used (CH 3 NH 3 )PbI 3 and (CH 3 NH 3 )PbBr 3 perovskite nanocrystals as sensitizers for mesocopic TiO 2 films and obtained up to 3.8% PCE with iodide/triiodide based electrolyte [82] . However the performance was unstable due to dissolution of the perovskite in the organic solvent. Subsequently Park et al. performed a systematic study using (CH 3 NH 3 )PbI 3 perovskite as light harvester by varying the concentration of (CH 3 NH 3 )PbI 3 and post-annealing temperature to obtain a DSC device performance of 6.54% at AM 1.5G one sun intensity (100 mW cm À2 ) [83] . Perovskite was prepared in situ on a nanocrystalline TiO 2 surface by spin coating of the CH 3 NH 3 I and PbI 2 mixed solution. Organicinorganic hybrid perovskite structures have an advantage over other crystal structures as sensitizers due to their high light absorption properties and thermal stability. However, it was observed that the perovskite-based DSC device performance decreased by 80% in only a few hours due to the instability of the perovskite material in presence of liquid redox electrolyte. Hence, it is prerogative to prepare perovskite-based DSCs with a solvent-free HTM, for example, such as used in solid-state sensitized mesoscopic solar cells.
The PCE of ssDSC devices reached up to 8.5% (measured with a mask) by combining N719 ruthenium dye sensitized TiO 2 with the p-type direct bandgap semiconductor (CsSnI 3 ) employed as a HTM [84] . At room temperature CsSnI 3 crystallizes as a distorted threedimensional perovskite structure in the orthorhombic Pnma space group. As shown in Fig. 5 the cross sectional SEM images of these cells shows that CsSnI 3 homogeneously permeates deep into the nanoporous TiO 2 substrate. The penetration of CsSnI 3 deep into the mesoporous TiO 2 film facilitates the charge separation and hole removal, and, in addition, its large hole mobility is primordial for obtaining good device performance. The device exhibited the best photovoltaic performance when the CsSnI 3 was doped with 5% of F and SnF 2 .
Recently, a ssDSC employing (CH 3 NH 3 )PbI 3 perovskite nanopigments as light absorber and spiro-MeOTAD as a HTM was reported [85] . The (CH 3 NH 3 )PbI 3 was prepared in situ by dissolving equivalent amounts of PbI 2 and CH 3 NH 3 I in g-butyrolactone solution. The (CH 3 NH 3 )PbI 3 sensitized TiO 2 films were coated with spiro-MeOTAD solution using the spin-coating technique [85] . The valence band and conduction band of (CH 3 NH 3 )PbI 3 perovskite was determined to be À5.43 eV and À3.93 eV, respectively [78] . Since the conduction band energy of TiO 2 is À4.0 eV, there is a small driving force for electron injection. On the other hand photo-induced hole injection in the hole conductor contributes to interfacial charge separation.
This perovskite-based solid-state mesoscopic solar cell device exhibited a PCE of 9.7% under standard AM 1.5G sunlight (Fig. 6 ). As shown in Fig. 6b the IPCE spectrum shows a maximum of 65% at 450 nm and above 50% up to 750 nm. The obtention of 17.6 mA cm À2 current density with a submicron (0.6 mm) TiO 2 film is remarkably high, and materialized due to the large optical cross section of (CH 3 NH 3 )PbI 3 (1.5 Â 10 4 at 550 nm [86] ). The linear response of photocurrent density with light intensity indicates that there is no space charge limitation at the heterojunction associated with only small differences in electron and hole mobilities in this ssDSC device (Fig. 6c) . [87] . Replacing the TiO 2 semiconductor by an insulator, Al 2 O 3 , acting as a scaffold in a device coined as mesoporous super-structured solar cell (MSSC) for coating the perovskite layer, they found that the electron transport through the perovskite layer was much faster than through the n-type TiO 2 film. The combination of a mixed halide perovskite (CH 3 NH 3 PbI 2 Cl) as a light absorber on top of Al 2 O 3 film gave a record PCE of 10.9% for a [ ( F i g u r e _ 6 ) T D $ F I G ]
FIGURE 6
Photovoltaic characteristics of (CH 3 mesoporous super-structured single junction device. It was reported that the V oc obtained with the alumina-based devices is 200 mV higher than that found using titania-based devices. In these devices the electrons are transported through the perovskite layer and the holes are transported through the spiro-MeOTAD layer. The mixed halide perovskite has good spectral response over the visible and near-infrared spectrum compared to the pure halide, CH 3 NH 3 PbI 3 perovskite. It is interesting to note that the perovskite layer can function both as a light absorber as well as n-type semiconductor for transporting electronic charges out of the device. In a recent publication it was demonstrated that CH 3 NH 3 PbI 3 perovskite can act both as an efficient light absorber and as a hole transporter in CH 3 NH 3 PbI 3 /TiO 2 heterojunction devices [88] . A ssDSC device was fabricated using CH 3 NH 3 PbI 3 on top of TiO 2 (anatase) nanosheets with exposed (0 0 1) facets without an additional hole transport material, achieving a PCE of 5.5% under standard AM 1.5 solar light of 1000 W m À2 intensity. The IPCE of the device shows an excellent photocurrent response up to 800 nm with a maximum of 90% between 400 and 540 nm. When a mesoporous TiO 2 film was used in place of the (0 0 1) facet nanosheets the PCE diminished to 2.8% at one sun intensity. The difference in the PCE of the two different structured TiO 2 films is attributed to the higher ionic charge of (0 0 1) facets. This is attributed in strengthening the attachment of the perovskites to the titania and enhancing charge screening. In this relatively new domain utilizing perovskites in mesoscopic solar cells it has been shown by the examples cited above that perovskites of differing chemical composition can be used in multiple functions such as p-type hole transport materials, as light absorbers in a 'typical' SSDSC (utilizing spiro-MeOTAD as organic hole transport material) devices, as both light absorber and electron transport material in MSSC, and can serve dual functions as light absorber and hole transport material in non-classical SSDSC type devices. Extremely thin photoanodes or 'scaffolds' can be employed circumventing conventional pore-filling problems.
Summary and outlook
In the past couple of years there has been tremendous progress in the advancement of mesoscopic solar cell performance. Record PCEs were reported for liquid based DSCs following the development of cobalt complexes as alternative redox electrolytes used in combination with newly designed donor-p-acceptor zinc porphyrins as sensitizers. Even a modest shift in the absorption onset of the dye would result in further substantial augmentation of the short circuit photocurrent. Thus, a 50 nm red shift is expected to increase the J sc by 3 mA cm À2 augmenting the PCE to nearly 15%.
At the same time designing new redox couples having sufficient driving force suitable for rapid dye regeneration will boost the device V oc leading to further enhancement in PCE. 
